Introduction
The advancement in sequencing technology in the last decade has allowed the identification of a large amount of gene variations in the genomes of the animal kingdom. These efforts have produced the whole genome data from yeast to C. elegans, Drosophila, zebrafish, mouse, and human. These efforts are also slated to provide holistic information about genomic landscapes of critical human diseases such as cancer. Next generation sequencing (NGS) not only confirmed many gene variations in human diseases, such as Ras mutations in cancer, but also helped identify many disease-related gene variants that were not known before (Vogelstein et al. 2013 ). Many such discovered gene variations, like copy number variations (CNV) and single nucleotide polymorphism (SNP), may or may not be so obviously associated with the pathological mechanisms of diseases. However, a growing number of genes have turned out to be critically involved in human disorders. For example, δ-catenin/NPRAP/Neurojungin with gene designation as CTNND2 on chromosome 5p15.2 is increasingly recognized as one such important gene. Especially, as it will become clear from this review, δ-catenin alterations are unlike many other genes, such as Ras mutations that are recurring and enriched in cancer. Functional δ-catenin gene alterations that do not necessarily recur at the same nucleotide sides are now reported in a number of high Abstract Some genes involved in complex human diseases are particularly vulnerable to genetic variations such as single nucleotide polymorphism, copy number variations, and mutations. For example, Ras mutations account for over 30 % of all human cancers. Additionally, there are some genes that can display different variations with functional impact in different diseases that are unrelated. One such gene stands out: δ-catenin/NPRAP/Neurojungin with gene designation as CTNND2 on chromosome 5p15.2. Recent advances in genome wide association as well as molecular biology approaches have uncovered striking involvement of δ-catenin gene variations linked to complex human disorders. These disorders include cancer, bipolar disorder, schizophrenia, autism, Cri-du-chat syndrome, myopia, cortical cataract-linked Alzheimer's disease, and infectious diseases. This list has rapidly grown longer in recent years, underscoring the pivotal roles of δ-catenin in critical human diseases. δ-Catenin is an adhesive junction-associated protein in impact studies. They can be linked to different diseases that are unrelated, underscoring the unique and pivotal roles of δ-catenin in human physiology.
Discovery of δ-catenin
Nomenclature of catenin of the delta subfamily δ-Catenin sequences were initially discovered as neural specific. It was identified in Germany as NPRAP for neural protein related to armadillo protein in a screening of brain cDNA library based on its homology to armadillo domain containing proteins (Paffenholz and Franke 1997) . At about the same time, its partial sequence was cloned in the USA in a two-hybrid system of searching for protein interactions with the Alzheimer's disease (AD) gene presenilin 1 and was named as δ-catenin since it shares armadillo repeating sequence homology to β-catenin (Zhou et al. 1997) . It was later found that the gene designation for catenin of the delta subfamily already existed for p120 ctn (Reynolds et al. 1992 ), which has been previously reviewed (Lu 2010) . Therefore, this subfamily now has two members: CTNND1 for p120 ctn and CTNND2 for δ-catenin/NPRAP. In 2000, NPRAP was renamed to neurojungin in a study that showed δ-catenin expression and localization in the outer-limiting membrane of the retina (Paffenholz et al. 1999) . Nevertheless, the field has widely adopted the name δ-catenin. While p120 ctn is ubiquitously expressed in mammalian tissues, δ-catenin is neurally enriched in the central nervous system and the retina (Lu et al. 1999; Ho et al. 2000) .
The p120 ctn protein was identified in a screen for substrates of the Src tyrosine kinase whose tyrosine phosphorylation correlated with cellular transformation (Reynolds et al. 1989) . The various functions of p120 ctn and its role in cell adhesion and cancer have been reviewed (Reynolds and Roczniak-Ferguson 2004; Reynolds 2007) . We have also reviewed the interactions of p120 ctn and δ-catenin with cadherins (Lu 2010 ).
δ-Catenin expression begins during early embryogenesis. In mouse brain development, δ-catenin is localized to the ventricular zone of the cortex at embryonic day 9-10 ( Ho et al. 2000) . δ-Catenin expression decreases as neurons migrate to the cortical plate during embryogenesis and then its expression increases again and reaches the highest level at postnatal day 7. δ-Catenin expression becomes highly enriched at postsynaptic density (PSD) when neurons fully mature in the adult brain. Besides its enrichment in the dendritic spines in association with the synaptic junction, δ-catenin maintains expression at the ependymal apical junction of the stem cell layer in the adult brain (Lu et al. 1999) . However, it is unclear whether and how δ-catenin may be involved in stem cell activity.
The functions of δ-catenin
We now know that δ-catenin interacts with classical cadherins, the calcium regulated cell-cell junction proteins (Lu et al. 1999; Ho et al. 2000) . In neurons, δ-catenin interacts with N-cadherin, glutamate receptors at PSD, and PSD95, as well as a whole array of other synaptic junction-associated proteins (Lu et al. 1999; Ide et al. 1999; Jones et al. 2002; Silverman et al. 2007; Brigidi et al. 2014; Yuan et al. 2015) . Based on all the known protein binding partners for δ-catenin, it strongly suggests that δ-catenin plays important roles in brain functions that involve synaptic regulation, especially learning and emotions according to a gene deletion study (Israely et al. 2004 ). Indeed, δ-catenin knockdown regulates spine architecture related to cadherin and PDZ-dependent interactions (Yuan et al. 2015) . A gene knockout (KO) study revealed that δ-catenin is required for the maintenance of neural structure and function in mature cortex in vivo (Matter et al. 2009 ). Another study that employed the same KO strain showed that δ-catenin regulates spine and synapse morphogenesis and function in hippocampal neurons during development (Arikkath et al. 2009 ).
When overexpressed in the epithelial cells, δ-catenin is localized to the cell-cell junction and interacts with E-cadherin. Expression of δ-catenin caused the cell monolayer to rise and cells to extend processes in a morphogenetic movement. When treated with hepatocyte growth factor (scattering factor), MDCK cells overexpressing δ-catenin promoted the cell scattering and the disintegration of the adherens junction (Lu et al. 1999) .
When ectopically expressed in the otherwise δ-cateninfree fibroblast, δ-catenin induced the exuberant formation of branched cellular processes reminiscent of inhibition of small GTPase RhoA (Kim et al. 2002) . In fact, fibroblastic cells expressing δ-catenin are morphologically indistinguishable from neurons. However, these cells do not express neural specific genes such as tau and microtubule-associated protein 2 (MAP2). Therefore, the effect of δ-catenin-induced neuron-like phenotype is perhaps limited to the morphological properties and the architectural framework of neurons. Additional genes are required to allow stem cells to become fully differentiated into neurons.
Genetic alterations of δ-catenin: functional implications in human diseases

δ-Catenin gene alterations in neurocognitive disorders
Alzheimer's disease
Smoking, estrogen supplements, hypertension, depression, stroke, heart disease, arthritis, and diabetes are risk factors for AD, but some may also be early signs of the disease (Ridge et al. 2013) . Although aging is the most evident risk (Herrup 2010) , several genetic risk factors have been identified to contribute to AD (Ridge et al. 2013; Guerreiro and Hardy 2014) . Interestingly, cortical cataract and δ-catenin may be linked to AD. A recent study that monitored brain damage and lens opacity within the same individual and between siblings found that cortical cataract may predict the development of several AD-related brain changes and that siblings of patients are at greater risk (Jun et al. 2012) . They further reported that the δ-catenin SNP rs17183619 displayed significant association with amyloid precursor protein (APP) and a rare missense δ-catenin mutation (G810R) alters δ-catenin localization and increases secreted Aβ42 in HEK293 cells (Jun et al. 2012) . Lastly, lens tissue from AD subjects showed increased δ-catenin expression compared to control, which authors proposed formed light scattering deposits that contribute to decreased lens opacity (Jun et al. 2012 ).
Cri-du-chat syndrome
Recent studies reported that the partial deletion of δ-catenin in 5p15.2 and partial duplication of its promoter region led to a mild case of Cri-du-chat syndrome (Sardina et al. 2014 ). On the other hand, the hemizygous loss of δ-catenin is associated with severe mental retardation in Cri-du-chat children . In this study, it was found that there are two critical regions for Cri-du-chat. Semaphorin F is located in the critical region 1 whereas δ-catenin is located in the critical region 2. When the deletion included semaphorin F, mental retardation was not manifested. However, when the deletion penetrated δ-catenin to remove the carboxyl terminal PDZ-binding domain, the mental retardation association became more evident . Since Cri-duchat is a genetic disorder that results from the variable deletion of chromosome 5p, other genes in addition to δ-catenin may also contribute to the disease when they are deleted.
There has been an attempt to elucidate the physiological changes of δ-catenin in Cri-du-chat. A mouse model showed that the deletion of δ-catenin impeded cognitive functions and significantly reduced N-cadherin and PSD95 (Israely et al. 2004) . This is in line with a previous report that showed that δ-catenin regulated the maintenance of dendrites and dendritic spines in mature cortex of the mouse, but did not appear to be necessary for the initial establishment of these structures during development (Matter et al. 2009 ).
δ-Catenin gene variations in other neurological disorders
Autism spectrum disorder
Autism spectrum disorder (ASD) is a multifactorial neurodevelopmental disorder that affects social and behavioral traits (Schieve et al. 2012) . The genetics of ASD has been reviewed elsewhere (Yoo 2015) . The hunt for ASD candidate genes has led to a pair of Nature publications that identified chromosome 5p as a significant factor in a genome wide association study (GWAS) (Weiss et al. 2009 ) and the association of δ-catenin with potential critical roles in severe ASD (Turner et al. 2015) . In female-enriched multiplex families, the authors found that δ-catenin harbored significantly more deleterious missense mutations and CNV in autistic patients (Turner et al. 2015) . Five (G34S, G275C, Q507P, R713C, T862M) out of seven mutations were validated in ASD patients and conserved in zebrafish. δ-Catenin CNV was enriched in ASD patients when compared to control (odds ratio = 5.9, P = 4.10 × 10 −4 ) (Turner et al. 2015) . What is significant is that these variants, by functional testing, are loss-of-function and affect Wnt signaling. The expression of δ-catenin is highly correlated with other autism genes further implicating its potential roles in autistic etiology. Besides the well-established roles of δ-catenin in dendritic morphogenesis and maintenance, a novel and interesting finding of this study is that δ-catenin correlated genes are enriched for chromatin and histone modification (Turner et al. 2015) .
Schizophrenia
Rare CNVs may play a significant role in schizophrenia (Sklar et al. 2008; Stefansson et al. 2008 ). δ-Catenin was one of the thirteen genes affected by rare CNVs found in patients. The δ-catenin CNV in a female patient resulted in a duplication of several genes on 5p15.2 with a breakpoint in δ-catenin (Vrijenhoek et al. 2008) . SNPs also play a role in schizophrenia (Sklar et al. 2008; Stefansson et al. 2008) . Analysis of GWAS from the Psychiatric Genomics Consortium revealed several SNPs in δ-catenin correlated to major depressive disorder and schizophrenia. The δ-catenin SNP rs1012176 (P = 0.0009997) showed the strongest association with anxiety disorders, rs10059890 (P = 0.0002496) for major depressive disorder, and rs4524507 (P = 0.0005537) showed the strongest for schizophrenia (Nivard et al. 2014) .
Intellectual disturbance
Abnormalities in δ-catenin also contribute to intellectual disability that is frequently associated with the aforementioned neurologic disorders. A breakpoint to intron 9 of δ-catenin on chromosome 5 was identified in a mother and daughter with borderline intelligence and dyslexiarelated learning problems (Hofmeister et al. 2015) . Further, a microdeletion of δ-catenin observed in a boy presented apparent learning disabilities and dyslexia (Hofmeister et al. 2015) . Additionally, CNVs leading to deletion of 1 3 δ-catenin was detected in two patients with mild intellectual disability (Belcaro et al. 2015) . Thus, these studies appear to further support that the decrease or loss of δ-catenin impairs cognitive functions.
Myopia
Interestingly, δ-catenin is located in a myopia susceptible locus highlighting its potential role in myopia (Lam et al. 2008) . Together with the 11q21.1 genomic region, the δ-catenin SNP rs1479617 significantly differed between the pathological myopia and control groups of Chinese patients (Yu et al. 2012) . A meta-analysis revealed that SNPs of δ-catenin (rs12716080 and rs6885224) that previously showed a strong correlation with high myopia was not significant in both Chinese and Japanese patients (Liu and Zhang 2014) . Alternatively, an independent case-control series study identified that the δ-catenin SNP rs6885224 displayed protective properties when compared in Chinese patients with high or moderate myopia with controls (Lu et al. 2011) . Another case-control study with Jiangsu Chinese did not associate SNPs of δ-catenin with high myopia (Wang et al. 2014) . Therefore, it remains to be seen whether genetic variations in δ-catenin play a functional role in myopia. A summary of reported genetic modifications in various neurodegenerative and neurodevelopmental disorders is shown in Table 1 .
δ-Catenin mutations in cancer
Sanger database
At the time of this review, the Sanger COSMIC (Catalogue of Somatic Mutations in Cancer) database reported 541 unique mutations for δ-catenin from 25124 samples in 38 different tissues (Table 2) . We have previously reviewed the role of δ-catenin in cancer and indicated that overexpression is often observed in cancers (Lu 2010) . To date, only cancers of the central nervous system (1.29 %) are reported to display reduced expression of δ-catenin. Point mutations are more commonly observed in skin (9.22 %), large intestine (7.31 %), stomach (6.93 %), and lung (6.47 %) cancers. Missense mutations are the most common (66.55 %) followed by synonymous substitutions (29.16 %, Fig. 1 ). CNV for δ-catenin was reported for several cancers such as cancers of the cervix (Huang et al. 2006 ) and bladder (Zheng et al. 2004) . CNV leading to a gain is more common in cancers. These cancers include esophagus (9.26 %), urinary tract (8 %), soft tissue (7.75 %), cervix (7.47 %), and upper aero-digestive tract (5.77 %). Lastly, δ-catenin is overexpressed in several cancers such as prostate (10.84 %), liver (9.65 %), breast (6.52 %), ovary (6.02 %), endometrium (5.56 %), and lung (5.50 %). Thus, δ-catenin may present itself as a potential target for cancers, especially for lung cancer and prostate cancer that showed an increased incidence of point mutations and gene expression.
Non-coding region
δ-Catenin is overexpressed in roughly 11 % of prostate cancers (Table 2 ) and has been described as a potential diagnostic biomarker (Burger et al. 2002; Lu et al. 2005 Lu et al. , 2009 ). Thus, amplified δ-catenin translation resulting in increased δ-catenin protein expression may play an important role in prostate cancer, highlighting the significance of processes that control translation. Although hypomethylation is more common than hypermethylation (Table 2) in some cancers (endometrium, kidney, large intestine, liver, lung, upper aerodigestive tract, and urinary tract), δ-catenin methylation did not appear to regulate protein synthesis in prostate cancer. Methylation was not observed in normal prostate (PZ-HPV-7) with low δ-catenin expression or prostate cancer (CWR22Rv-1) with high δ-catenin expression (Wang et al. 2009 ). Further, demethylation of δ-catenin following 5′Aza-DC treatment had no effect on δ-catenin mRNA levels. Hence, other regulatory factors may be playing a more prominent role. In fact, a point mutation (−9 G>A) was identified in the 5′-untranslated region of δ-catenin that promoted translation (Wang et al. 2009 ). This mutation was found only in prostate tumor tissues and not in benign adjacent prostate tissue, and is associated with a high Gleason's score.
Coding region
The Sanger COSMIC database recorded several mutations in the coding region of δ-catenin. More recently, gene variations were observed after sequencing and analyzing the entire coding region of δ-catenin from a total of 24 out of 40 human prostatic adenocarcinomas (Nopparat et al. 2015) . Most functional mutations occurred after exon 9 while missense or frameshifting mutations occurred after exon 13. Control tissue showed little or no missense or frameshifting mutations. In this study, δ-catenin was ectopically overexpressed into two prostate cancer cell lines. Surprisingly, the stable cell lines produced truncated δ-catenin resulting from a frameshift mutation (p.fs, c. 2640insA) that led to premature termination. CWR22-Rv1 prostate cancer cells expressing truncated δ-catenin increased cell number beyond full confluency, highlighting a potential role in tumor promotion. Indeed, mice with δ-catenin gene disrupted in exon 9 and Myc oncogene conditionally expressed in the prostate showed increased tumor size and progression from prostatic intraepithelial neoplasia (PIN) to adenocarcinomas when compared to Myc expression alone. In addition, CWR22-Rv1 cells with truncated δ-catenin tolerated glucose starvation. Altogether, these findings highlight the ability of cancer cells to alter genes resulting in increased cancer cell survival and/or transformation along with modifying cellular metabolism (Nopparat et al. 2015 ).
δ-Catenin in malaria resistance
While the above literature showed that δ-catenin mostly contributed to diseases, in an environmental correlation analysis that examined genotype data from 12,425 newborns in coastal Kenya, δ-catenin (P = 0.003) was one of the top 10 % of genes identified to contribute to malaria resistance (Mackinnon et al. 2016) . Furthermore, other Jun et al. (2012) rs61754599 GWAS-missense mutation (G810R) altered δ-catenin localization and increased secreted Aβ1-42 in HEK293 cells Jun et al. (2012) Cri-du-chat CNV Case study: eight-year-old African-American female-promoter region and alternative exons 1-14 are duplicated and exons 15-68 of δ-catenin are deleted. Sardina et al. (2014) Hemizygous deletion Case studies: correlation analysis from three previous reports-hemizygous deletion within 5p15.2pter leads to severe mental retardation Medina et al. (2000) Deletion (knockout) δ-cat −/− mice were viable but showed decline in cognitive functions and significantly reduced N-cadherin and PSD95 protein level Case study: patients from the Netherlands-CTNND2 SNP with the strongest association with Schizophrenia. Top ten SNPs for anxiety disorder, major depressive disorder, and bipolar disorder were also reported Nivard et al. (2014) Intellectual disability Translocation breakpoint Case study: mother and daughter-balanced translocation of t(1;8)(p22;q24) and t(5;18)(p15;q11) resulted in problems with learning (dyslexia, attention deficit, speech delay). The breakpoint was located in intron 9 of the δ-catenin resulting in a loss-of-function
Hofmeister et al. (2015) Deletion of exons 12-18 Case study: fourteen-year-old male-presented similar phenotype with more pronounced learning disabilities and dyslexia Hofmeister et al. (2015) CNV Case study: two males with delayed developmental milestones-intragenic deletion leads to mild intellectual disability Belcaro et al. (2015) Myopia rs1479617 Case study: patients from China-this SNP and 11q21.1 genomic region significantly differed between the pathological myopia and control groups of Chinese patients Yu et al. (2012) rs12716080 rs6885224
Meta-analysis-Chinese and Japanese patients did not show a strong correlation with high myopia Liu and Zhang (2014) rs6885224 Case-control series study-displayed protective properties when compared in Chinese patients with high or moderate myopia with controls. Lu et al. (2011) 1 3
genes (MAGI2, FN1, NRP2, NRXN3, RGS6, ADGRL2) associated with cadherin-mediated adhesion and signaling at cell-cell junctions in the brain and/or vascular endothelium were among the top 1 % of loci. These results suggest that the activation of these pathways and/or previously reported pathways, CDH13 (Band et al. 2013 ) and HS3ST3B1 (Atkinson et al. 2012) , may protect against death from malaria. (Brown et al. 2011 ). δ-Catenin mutations alter protein expression and distribution in the Wnt/β-catenin and hypoxia pathways (Nopparat et al. 2015) . Radiation hybrid mapping of genes in the lithium-sensitive Wnt signaling pathway included Wnt, frizzled, disheveled, GSK-3α/β, axin, α-catenin, δ-catenin and ARVCF, and a frizzled-like protein (frpHE) on human chromosomes (Rhoads et al. 1999) . Recently, the finding that δ-catenin interacts with cadherin suggests its mechanistic context in Wnt/β-catenin signaling (Fig. 2) . β-Catenin binds to E-cadherin at cell-cell junction but Wnt signaling leads to its translocation to the nucleus. GSK-3α/β kinase phosphorylates δ-catenin and negatively regulates its stability via ubiquitination/proteosome-mediated proteolysis (Oh et al. 2009 ). This finding is confirmed in the neurons because δ-catenin is in the GSK-3α/β signaling complex that promotes β-catenin turnover in neurons (Bareiss et al. 2010) . In prostate cancer, δ-catenin promotes E-cadherin processing and activates β-catenin-mediated signaling. Overexpressing δ-catenin resulted in an elevated total β-catenin level and increased its nuclear distribution, leading to the activation of β-catenin/LEF-1-mediated transcription and their downstream target genes as well as androgen receptor-mediated transcription (Kim et al. 2012) . Further study showed that C-Src-mediated phosphorylation of δ-catenin increases its protein stability and the ability of inducing nuclear distribution of β-catenin (He et al. 2014) .
During the past several years, Rho GTPases have emerged as key mediators of Wnt signals, most notably Overexpression of δ-catenin in prostate cancer (PCa) leads to increased β-catenin levels leading to its translocation to the nucleus to promote LEF-1-mediated and androgen receptor (AR) dependent transcription. Wnt signaling also leads to β-catenin translocation. Wnt-GSK-dependent proteolysis of β-catenin is highlighted in blue.
GSK phosphorylates β-catenin that signals ubiquitination/proteasome degradation. The box highlights the noncanonical/Rho GTPase pathway of δ-catenin involvement in Wnt signaling. Rho GTPases are mediators of Wnt signaling (highlighted in black). δ-Catenin can interrupt Rho GTPase signaling, thus affecting actin-mediated dendritic and spine morphogenesis in the noncanonical pathways that involve polarized cell shape changes and migrations, but also more recently in the canonical pathway leading to β-catenin/LEF-1-dependent transcription (Schlessinger et al. 2009 ). Rho GTPases integrate Wnt-induced signals spatially and temporally to promote morphological and transcriptional changes affecting cell behavior (Fig. 2) . It is known that the morphogenetic effects of δ-catenin are caused by its ability to interfere with Rho family small GTPases. Specifically, δ-catenin interacts with p190 RhoGEF , and Akt1-mediated phosphorylation at Thr-454 residue of δ-catenin is important in this interaction. δ-Catenin overexpression decreased the binding between p190
RhoGEF and RhoA, and significantly lowered the levels of GTP-RhoA. δ-Catenin T454A significantly reduced the length and number of mature mushroom-shaped spines in primary hippocampal neurons. These studies highlight Rho GTPase signaling in the regulation of δ-catenin-induced dendritic and spine morphogenesis in neurons (Kim et al. 2008a) .
When HEK293 cells were grown in low cell densities, only 15 % of cells overexpressing δ-catenin showed dendrite-like processes with no changes in RhoA activity. δ-Catenin was localized mainly in the cytoplasm and was associated with p190 RhoGEF . However, at high cell densities, δ-catenin localization was shifted to the plasma membrane. The association of δ-catenin with E-cadherin was strengthened, whereas its interaction with p190
RhoGEF was weakened. These studies support that δ-catenin induces cellular processes through interaction with p190 RhoGEF , which is diminished when δ-catenin binds to E-cadherin at the cellcell junction (Kim et al. 2008b ).
Summary
Recent GWAS and NGS technologies have enabled big data to link certain genes to complex human diseases. Many gene alterations are in the introns and non-coding regions. However, δ-catenin/CTNND2 often displays a variety of functional mutations that are linked to unrelated diseases and reported in a number of high profile publications in recent years. As an armadillo repeat containing protein in the β-catenin superfamily, δ-catenin contains multiple domains for extensive protein-protein interactions. It is predicted to be capable of nuclear and cytoplasmic localization as well as lipid modification to interact with the plasma membrane. As important as these domain structures, it is possible that mutations that occur at the different sites can have different consequences in nervous system as compared to cancers in the peripheral tissues. At the molecular level, δ-catenin is at the crossroad with interactions to such signaling pathways of Wnt and Rho family small GTPases in the Ras superfamily, which are known to drive human disease pathogenesis. Understanding the genetic variations in δ-catenin in cancer, cortical cataract-linked Alzheimer's disease, autism, schizophrenia, mental retardation, myopia, and infectious diseases would provide a wealth of information to guide future functional genomic studies for treating human diseases.
